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ABSTRACT. In Kronprins Christia n La nd a t 80 0 N in eas tern north G reenl a nd , it 
has been obse rved tha t the surrace or the 'vVi sconsin ice is sig nifi ca ntl y d a rk er tha n th e 
H olocene ice round immedi a tely upstream from a tra nsiti on located 710 m rrom the ice 
ma rg in . 8 180 a na lysis has shown th e d a rk surface is onVisconsin origin . D eep ice co res 
ri'om th e Greenla nd ice shee t a ll indi ca te lha t the \Vi sconsin icc conta ins o rd ers of 
m agnitud e more micropa nicles which co uld be th e reason fo r the dark ap pearance o f 
lh e 'vVisconsin surrace . 

Photog ra phic d ocumenta tion , spec tra l surface-a lbedo m easurements a nd sa tellite
image a na lys is a ll indicate a reduced a lbedo of Wisconsin ice. The effect o rthi s reduced 
a lbedo is no t confirmed by the a bl a ti on m easure ments. Howeve r, m eas uremenrs o f 
a bla ti on ya ri a bility within sma ll tes t sites has doc umented lh a t la rge errors will a rise if 
onl y onc sta ke per measuring point is used . En ergy-ba la nce ca lcula ti ons show a bl a ti on 
ra tes sho uld be 10 70% , i.e. 1.8- 8 .4 mm d 1, res pee ti \'e ly, less th a n ex peri enced. 
Additiona ll y, a sa tellite-im age a na lysis shol\'s even higher a lbedo cOlllras ts 20- 30 km 
to the south or o ur tra nsec t locality. 

Imm edia tely a fter the termin a tion or the ice age, mos t or th e surface in th e a bl a ti on 
zo ne co nsisted of thi s low-renec ta nce ice . So, in th e ea rl y Holocene, the d a rk ice of 
Wisconsin ori gin is likely to have resulted in hig her a blation ra tes th a n previously 
consid ered. This m ay proba bly pa rtly explain th e fas t ra te of re trea t/di sintegra ti on of 
the ice sh ee ts in th e North ern H emisphere, a fter the lermin a tion of the 'vVisconsin ice 
age . 

INTRODUCTION 7 10 m inl a nd . Th e iso tope profile has shown th a t thi s 
sha rp tra nsition (Fig . 2b) is a t th e termina ti on or th e las t 

ice age, i.e. th e Wisconsin / Ho locene transition a bout 
I1 500 yea rs ago (O en er a nd o thers, 1995) (see also Fig . 
3a) . Fig ure 2 sho ws surface ele\ 'a tio n as well as refl ecta nce 
in the specLra l ra nge 0 .45- 0 .52 fJ,m derived from La ndsat 
5 T\'l cha nnel 1 a nd from g ro und-a lbedo d a ta . Th e 
sa tellite-image a lbedo re tri eva l will be described in d eta il 

la ter. J n fi gure 2b, th e Wisconsin ice is the darkish zo ne 
to the west of rh e ice ma rg in . Further l O the wes t, th ere is 
a n old H olocene surface with a hig h a lbedo, whi ch 
becomes less re fl ec tive a t a yo un ge r age (towards the 
wes t) with a surface re fl ec ta nce down to 0 .18. 

In 1993, a fi e ld progra mm e was initi a ted by th e 

G eo logical Survey or Greenl a nd (GGU ) a nd the Alrred
W egener-Institut nir Pola r- und M eeres forsc hung (AWl ) 
a t the ice ma rg in in the southwes tern co rn er ofKronprins 
Christia n L a nd (KPCL) in eastern no rth G reenla nd (Fig . 
I ). Among o th er studi es, one a im was to co ll ec t ice 

samples 1'0 1' 8180 a na lysis, in ord er to gain a n insight into 
the clim a te hi story or thi s northeas tern co rn er or the 
Greenla nd ice shee l (O en er a nd o lhers, 1995 ). For thi s 
purpose, a lin e o r sta kes was d rill ed into the ice with a 50 
m spac ing, in a surface tra nsect fro m the very ice ma rg in 
to 2 km up on the ice shee t. This lin e a lso served as a 

profil e [or a bl a ti on measurem ents, [or ice-now d etermina 

tion a nd fo r a lbedo measurements. Tt was obsen 'ed tha t 
th e surl'ace nea res t to th e ice margin a ppea red somewha t 
d a rker tha n furth er up on th e ice sheet. Furth ermo re, lhe 
two a reas were dil'id ed by a sha rp tra nsition loca ted a t 
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D eep ice cores from th e Greenl a nd ice shee t show 

Wisconsin ice con tains 10- 100 times more dust th a n 
depos ited in Holocene time wh en concentra tions were 
somewh a t constant a t a IeIT I of O.lmg kg 1 (Hamm er a nd 
o thers, 1985; personal communica ti on fro m C. U . H a m
mer). Th e hig h dust concenlra ti ons in \\' isconsin lime 
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Fig. I. i\![ajJ rif northern Greenland. indicating tlte area rif 
ill vest igatiol1. 

were associa ted with g rea ter stormin ess and exposure of 
large un vege ta ted a reas of the con tinents in the Northern 
H e misphere (S teITensen , 1995 ) . Du st d e positi o n in 

Wisconsin tim e apparentl y did no t signifi can tl y influence 

surface a lbedo in the acc umulation zo ne, since frequent 
snow-accumulat ion events continuo usly buried the dust 
(\Varre n, 1982 ), which constituted a bout 90% of th e 
Greenla nd ice shee t. In ab la tion zo nes, howeve r, summ er 
melting a nd forward flow caused the dust to acc umul ate 
on the surface, which increased radi a ti ve a bso rption a nd 

so furth er melting . 
This paper reports, for th e first time to o ur knowl edge, 

increased ablation due to the red uced surface a lbedo of 
'vVisconsin ice. Surface a lbedo va lues a re d eri\ed from 
sa tellite-im age processing of a La ndsa t 5 TM im age 

where th e a lbedo contras t be tween Wisconsin a nd 

H olocene ice is ma pped a long 50 km of the ice ma rg lll . 
Additionall y, sensitivity experiments with a n energy
bala nce model a nd with climate data from the tra nsect 
nea r the ice ma rgin of KPC L are prese nLed to quanLify 
the eITect of \ Visconsin a lbedo va lues o n melting rates, 

since " noisy" ab la ti on data a ppa rentl y do no t provide a 
clea r pattern of increased a bl a ti on. 

TRANSECT DATA 

Ablation measu rem ents were ca rri ed out a lmos t daily 

along the tra nsec t during the field seasons , i.e . 8- 26 J lil y 
1993 and I J uly- 5 August 1994. I n 1993, the line was 
es tablished with sta kes a t 50 m spacing from th e ice 
ma rgin to a poin t 1000 m on to the ice shee t, a nd th e line 
was extended to 2000 m in 1994. H owever, onl y 100 m 

spacing was maintained in 1994. Figure 3b a nd c gives the 
summer a bla tion during the a bove mentioned peri ods in 
1993 a nd 1994, respec tively. 

Two types of a lbedo measurem ents ha\·e been carried 

Table 1. Lalldsat 5 Thematic ,Ila/Jpe" s/)ectral distribll
tioll rif the sellsors 

Challllel 

2 
3 
4 

S/)ectral interl'{tl 
{till 

0.45 0 .52 
0. 52- 0.60 
0.63- 0 .69 
0.76- 0.90 

out a long the transec t. The first type wcre broad band 
and spectrall y integrated meas urem ents using a Kipp a nd 
Zonen CM7 pyranom eter (a lbedometer) which gives 

sing le reflect a nce \·a lu es in th e spectra l ra nge from 0 .3 to 

2.8 j.Lm . Figure 3d and e shows how th e re fl ec tance varies 
a long the tra nsec t in both 1993 a nd 1994. 

M ore advanced refl ec tan ce measuremen ts were ca r
ried out with a SE590 spec trometer (from Spec tron 
Engineering ) during the fi eld campaign in 1994. This 

instrument provides reflectance in 252 discrete ba nds 

from 0.371 to 1.11 8 with a ba nd width of 0.0021 j.Lm. 

D ata a re co ll ec ted digita lly a nd stored on a portabl e PC, 
whi ch a lso controls opera ti on of th e spectrometer. Figure 
3f shows surface refl ecta nce in four sep a rate bands which 
match the spec tral ranges of Landsat 5 TM cha nnels 1- 4. 

These bands have the spec tral distribution listed in Table 

I. 
[t fo ll ows frolll Fig ure 3f that the Wisconsin jH olocene 

transitio n is clearl y detec table in the shortes t wa\·eleng ths, 
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Fig. 2. Elevatio1/ profile (a) and swJace r~J7ectal1ce ( b) 
of the II ·iscol7sin ice. The less-reJ7ectant band covering the 
outermost 700 m rif the transect line is II ·isconsin ice. 
Su~face reflectance is ob tained b)i means oJ a Landsat 5 
T M image ]rom 25 Ju0' 1993. 
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Fig. 3. Isoto/le /mifile (a) , ablatio/l profile .{rum 1993 
( b) , ablatioll /Juifile from 199-1 ( r) , albedo prqfile from 
1993 (d), albedo /HoJi"le Jrolll 199-1 ( e) alld J/Jertral 
albedo /Hofile (j) along the transect lille. Tlte labels III 

(j) refer to c/WII/le/.l 011 T ,1/5. 

I. e. simil ar to cha nn els 1 a nd 2 0[" La ndsa t 5 T~ r. In the 
spec tra l ra nge bcyond 0.78 f..£m , i .e . of cha nn els 4-7 on 
La nd sa t 5 T l\,f , th e refl ec ta nce cO lllras t be tween H olo-
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cene a nd vVi sconsin ice is no t visible, proba bl y beca use of 
th e la rge sca tter of measured albed o va lues along th e 
tra nsec t. It fo ll ows th a t th e Wisconsin /H olocene tra nsi
ti on can be d etec ted with bo th spec tra ll y integra ted 
m eas ureme nts (C l\f 7) a nd with spec tra ll y reso lved 
meas urements (SE590 ). But, th e tra nsition , as we ll as 
th e overall diffe rence in surface albcd o be tween the two 
surfaces, is m os t clea rl y see n in th e short cs t waveleng ths. 
The e\'en low er refl ec ta nce o bse rved in th e upper a bla ti on 

zo ne will be studi ed in furth er d e ta il in th e future. 

Apparentl y, di stributi on of dust o n th e surface g rea tl y 
controlled th e surface a lbed o here. 

ALBEDO DERIVED FROM SATELLITE IMAGE 

Combining sa tellite im ages with g round-truth d a ta is a 
convenient way to map temporal as well as spa ti a l 
\'a ria ti o ns o f th c surface a lbcd o. H ere, we d o not conside r 
the tim e aspec t b ut " 'ill foc us entirely on th e a lbed o 
contras t be tween Wisconsin a nd H olocene ice obta ined 

by La ndsa t 5 TM. Th e e flec t of th e a tmosphere on th e 
surfacc a lbed o is no rma ll y co rrec ted by a linea r rela ti on 
be tween pla ne ta ry a lbed o at (meas ured a t the sa tellite ) 
a nd th e surface a lbed o a s by 

(1) 

The coefii c ients a a nd b can be d e termin ed by 
radi a ti vc- tra nsfer m od e lling to com pe nsa te fo r th e 
inOuence fro m th e a tm osph ere, e.g. K oepke (1989) a nd 
H ae Oi ger a nd o th el-s ( 1993 ). Th ese cocfTi cie llls can a lso be 
de termin cd by regression fillin g o f ground-truth d a ta to 

image d a ta . T he las t a pproach has been used in thi s 

stud y. ~leasurements presented in Fig ure 3f have been 
compa red with surface brig htness va lucs in th e im age of 
25 Jul y 1993 to re tri e\"C a bes t-fit linear regress io n 
equat ion . T he regress ion mod els wc re d eri ved using a 
to tal 0 (" 20 d a ta pairs in each cha nnel a long th e tra nsec t. 

A ll mod els wcre fo und to be signifi ca nt a t a 10% level 

\\'ith a co rrel a ti on coeffi cient ra nging fro m 0. 32 to 0.43. 
,\llerwa rd s, th e na rrow- ba nd albedo was ca leula tcd by 
integra tin g th e surfacc a lbcd o ove r the spect ra l ra nge 
from 0.45 to 0 .9,,) p,m. 

The bcs t possible im age co \'ercd th c peri od o f gro und 

meas urem cnts fro m 20- 22 Jul y. H own'e r, no hig h

qualit y images for th e la te summer of 1994 a re ava il a ble. 
\\'e a re IVe ll a wa re of th e temporal \'a ri a ti o n o f surfacc 
a lbed o, whi ch is a lso scen in th e difTcrcnce be twce n 
rclk cra nce measurements in 1993 a nd 1994 g ive n in 
Figure 3d a nd c. Bu t wc consider thi s is of mino r 
importa nce in rela tion to th e s ur!~l ce-a lbedo g radi ent 

a lo ng th e tra nsec t lin c. l\! oreover, th e sa te llite im age is 
prec ise ly I yca r older to within 5 d of th e spec trGmc tcr 
meas uremcnts, so th e two ab la ti o n seasons ca n be 
considered eq ua ll ), acl\ 'a nccd . Thc su rlilce di splace mcn ts 
in I year a rc less th a n 10 m . Us ing a pixcl size of 
50 m x 50 m , which has been ap pli cd a ft er geometri c 

correc tion a nd resampling, th e surface displ acement O\"C r 
this I yea r is no t likely to influ cncc sa tc llit c-dctermined 
sur/ace rcllcc ti ons in a d e tec ta ble a mo unt. Fig urc 4- shows 
th c a lbed o contras t be twccn \\' isconsin a nd H oloce ll c ice 
40 km so uth"'a rd to a n a rca " 'here th e ice ma rgin 
becomcs highl y irregul a r a nd fin a ll y leads into th e la rge 
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Fig. 4. Calculated albedo contrast between I Viscollsill alld 
Holocene ice along the margin, obtained from Landsa t 
TM 5. " T" refers to the trallsect locality. 

ice stream Nioghah-yersyorden {i'om a point 1.5 km north 
of th e tra nsect. Despite la rge albedo va ri a ti ons of bo th 

Wisconsin ice (between 0.61 and 0.70) a nd of Holocene 
ice (be tween 0. 54 a nd 0.65 ), th e a lbedo co ntras t be tween 
the two differen t surface types is surprising ly consistent. It 
can be seen in Figure 4 th a t th e loca tio n of th e transect 
line is not id eal for stud ying a lbedo contras ts be tween 

Wisconsin a nd H olocen e ice, since th e la rges t albedo 

contras ts are to be found in th e area fro m 20 to 30 km 
further south th a n th e tra nsec t line. These la rge r a lbed o 
contras ts to th e south a re in agreement with our visua l 
observations when this a rea was ove rn own on sen ' ral 
occa tions upo n a rrival o r departure from o ur fi e ld 

loca ti on. It is un likely that d ifference in ex posure to th e 

sun can prov ide much of th e a lbedo contras t d escribed 
here, since th e surface-slo pe a nd orientation va ria ti ons 
o\'e r th e tra nsitio n a re sma ll , i. e . Fig ure 2a. It is th erefore 
likely that th e 'vVi sconsin (H olocene a lbedo va ri a ti ons 
d e tec ted by sa tellite di spl ay rea l surface albedo va ri a tions. 

ENERGY BALANCE 

C limate d a ta have been co llec ted on a 3 h basis by a n 
a ULOma ti c meteoro logical sta ti on loca ted abo ut 100 m to 

th e north of th e transec t line. This sta ti o n has been in 

operation o n a full-year basis sin ce Jul y 1993 a nd records 
continuously wind speed , wind direction , a ir tempera ture 
a nd atmospheric pressure. During both fi e ld ca mpaig ns, 
in 1993 a nd 1994, respec tively, a sepa rat e d a ta -logger was 
insta ll ed at the sta tion for measurin g g lobal radiatio n. 

The d a ta from th e clima te will be used in th e following 

a na lysis of the effec t of albedo va ri a tions ass uming th a t 
climate does no t cha nge signifi ca nt ly ove r the short 
di sta nce to a nd a long th e transect lin e. Th e energy 
balance used for calcul a tin g ab la tion is give n by 

where a ll f1ux es a re positive toward th e surface a nd ]1.1 is 
th e melt ra te (W m 2). Th e component DC is hea t 
conduction inLO th e ice, which Konzclma nn a nd Braith
waite (1995) measured as being sta ble a t aro und 17 \\' m 2 

during a lmos t I month in Jul y 1993 a t a locality a bout 
100 m north ofNG9303 (F ig. 2) in the Wisconsin ice. Q is 

the g loba l radiation , Cl' is th e surface a lbedo, which is 
measured a long th e tra nsec t as previously d esc ribed. 10 
a nd I j a re th e o utgoing a nd incoming longwave rad ia ti on , 

res pec ti\'e ly. H a nd L"e a re the turbulent f1ux es of th e 
sensible a nd la tent hea t, respectively . The turbulent 
nu xes a re computed using th e l\10nin- ObukhO\' simila rity 
th eor y. The computa ti ona l schem e has been ad opted 
fro m Munro ( 1989 ) . Fo r thi s, so m e d a ta o n th e 

ae rod ynamic effec tive surface roughness Zo a re needed . 

The va lue 0.006 m from detailed m easurem ents in north
eas t Greenland a t Brita nnia Glacier a bo ut 300 km to th e 
south (Lister a nd T ay lor, 196 1) is used. 

In ord er to determine th e longwave rad ia tion ba la nce 
(4-100 p,m ), some inform at ion quantifying th e cloudin ess 

is need ed . Cloud cO\'e r has no t been d etermined by 
synopti c obse rva tions. But this lack of observa tions is 
circul1wented by invertin g a mod el which norm a ll y 
es tima tes g loba l rad ia ti on from inform a ti on a bo ut c lo udi 
ness. By in verting thi s rela ti on , it is possibl e to re tri e\'e a n 
es tima te of th e clo ud cQ\'e r based on th eo re tica l calcul a
ti on of th e clea r-sky radi a ti on a nd by using the measured 

globa l radi a ti on as input fo r th e mod el (Boggild , 1991 ). 
H av ing ca lcula ted a n es tima ted cloud cO\'e r, th e incom
ing lo ngwa\'e-radi a ti on compo nent is ob ta ined by using 
the Bolz type of eq ua ti o n, and th e ne t longwa \'e-rad ia ti on 
balance can be calcul ated from th e fact th a t a melting ice 
surface em its 3 16Wm 2 in th e longwa\'e spectrum 

(Boggild , 1991 ) . 
Fig ure 5 shows th e ab la ti on calcu la ted by means of th e 

energy-ba la nce Equation (2) a nd three se ts of a lbed o 
va lues, na mely, single-va lue measurements from the Kipp 
a nd Zonen CM7 pyra nometer data, narrow-ba nd in

teg rated surface ref1ec ta nces (0.45- 0. 95 Jim ) o bta ined by 

th e SE590 spec trom etcr a nd sa tellite-derived surface 
a lbed o. The calcu la ted lac k of ab la ti on at some loca liti es, 
based o n the spec tromcter data, is questionable since 
positive a bla ti o n rates have been obse rved a long th e 
whole pro fi le in both fi eld period s. Ca lcul a ted a b la ti on 

ra tes with CM7 d a ta a re 20- 30 % hig her th a n observa 

tions in th e yo unger part of th e Holocene ice a t th e sta kes 
aro und 2000 m from the ice margin. Generally , th e 
ab la ti on va lues ca lcul a ted by mea ns of th e sa telli te
derived a lbed o a re LOO low. It follows from obse rva ti ons 
a nd m easurements th a t a ll three se ts o f results in Fig ure 5 

g ive inter-sta ke a b la ti o n variations w hi ch a re no t 
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Fig. 5. Calculated ablation rates along the Iransect line ~)' 

means oJ sjJectral0' integrated albedo values (CNf7) and 
sjJectral(JI resolved values (SjJektro ) . 
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confirmed by the a bla ti on measurements (Fig. 3b and c) . 
This does not necessaril y indicate th a t the calculations or 
measu rements are wrong, because the ab la tion readin gs 
a re sing le-point readings wh ich are only representati ve of 
the immedia te vicinity of the sta ke. Since surface a lbedo 
has been shown to va ry considerab ly within distances of 

abo ut I m, the true abla tion difference between Wisconsin 
and Holocene ice may be hidd en in the noise. La rge 
spatia l a lbedo a nd ab la ti on variations have been ana lysed 
in detail by Kon zelma nn a nd Bra ithwaite ( 1995 ), who 
had a d ensely spaced sta ke farm loca ted in the VVisconsin 
ice a bout 100 m from the 1993 transect. They found 
ab lation rates varied up to ± 10 mm d 1 at neigh bouring 
stakes. I t is, however , known from photogra phic doc
umenta ti on, from the spec trometer d a ta and fi'om sate llite 
images, tha t reOeClance is less in la te \ Visconsin ice than it 
is in earl y H olocene ice. From th e energy-ba la nce 
calcul a tions, it is appa rent that the abla tion rates are 

between 10% (with CM7 data ) a nd down to 70% (by 
spectrometer da ta), i. e. 1.8 a nd 8 .4mm d 1, respecti ve ly, 
less in the early Holocene ice compared to ab la tion ra tes 
in \ Vi sconsin ice . 

CONCLUSIONS 

Th ree differen t so u rces, na mely visual obse rva ti ons, 
spec trometer da ta and sate llite images a ll show red uced 
reOec ta nce of Wisconsin ice which most likely origin a tes 
from the increased dust content of this ice. The lac k or less 
[req uent form a tion of cryoco ni te holes may also red uce 
the a ppa ren t surface a lbedo. The effec t of red uced a lbedo 
in Wisconsin ice as compa red to ea rl y H olocene ice does 
not ap pear in the ab la tion measurements a long th e 
tra nsec t. However, obse rvations by K onze lm an a nd 
Bra ithwaite ( 1995 ) in the same a rea show that sing le 
ab lation meas urements, using onl y one stake a t each 
loca ti on, a re not sufTi cient because of th e large area l 
variab ility of ab la tion rate O\-e r a few met res distancc. 
From energy-ba la nce calcul a ti ons, it is found that 
abla ti on in the early H olocene shou ld be reduced by 
10- 70%, i.e. 1.8- 8.4mmd 1. Onl y more deta il ed mea

surements can na rrow this appa rently wide range o[ 
unce rta inty. In th e a rea inves tiga ted , sa telli te images 
show e\'en higher a lbedo con trasts to the south of the 
transect. A \Visconsin /H olocene a lbedo contrast is li ke ly 
to be found in most places where \\'isconsin ice is exposed . 
R eeh and others (1993 ) described the same type of surface 

in qu a lita tive terms at Storstrommen in northeast Green 
land. Increased ab la ti on rates of v\,iscons in ice ha\'e a 
signifi cant palaeocl im at ic implica ti on since, in th e per iod 
a fter th e termination of th e \ Visconsin ice age, the who le 
abla ti on zone of a ll To rthern H em isphere ice shee ts most 
probably consisted of the \Vi consin type ice. Enh a nced 

ab lat ion , foll owing fro m reduced reOectance, most 
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probab ly advanced the disintegra tion of th e form er ice 
shee ts, d es pite a climate not mu ch dilTerent fi'om today. 
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